Background {#Sec1}
==========

Many vector-borne diseases occur in tropical and sub-tropical areas where climatic and environmental conditions are favourable for their propagation \[[@CR1]\]. The recent observations on climatic changes worldwide are causing panic and their impact on these diseases are still not well established. Many studies suggest that climate change would lead to a resurgence of vector-borne diseases like malaria \[[@CR2]\],\[[@CR3]\] and it is well known that malaria transmission and prevalence could be highly influenced by spatial and temporal changes in the environment \[[@CR4]\]. This is particularly important in non-endemic areas characterised by a low level of malaria transmission and a high variability of climatic and environmental parameters, where a comeback or resurgence of malaria with a high risk of morbidity and mortality in all age groups is expected. For instance, recent studies conducted in western Kenya highlands have suggested an increase of malaria epidemics attributed to changes in land cover \[[@CR5]\],\[[@CR6]\]. Similar observations are expected in the Sahel (southern edge of the Saharan desert) characterized by heterogeneous features including high inter-annual variability in rainfall \[[@CR7]\]. The human populations of this rural area are mainly peasant farmers who depend on seasonal rainfall for agriculture and livestock rearing to generate food and financial gains. On the other hand, water and pastural availability determine human settlements with a direct impact on land cover and use.

While the impact of land use or agricultural practices on malaria vectors occurrence and distribution at macro-geographical levels has been addressed in many situations \[[@CR8]\],\[[@CR9]\], there is very scarce data at micro-geographical levels. Recent findings indicate that small-scale differences within an area may have important consequences \[[@CR10]\],\[[@CR11]\] on malaria epidemiology. Krefis et al. \[[@CR12]\] showed a direct link of an increase or decrease of malaria risk depending on the types of land cover. For malaria vectors, few studies were carried out on the correlation between environmental parameters such as land cover or use and adults stages of malaria vectors contrary to the aquatic stages \[[@CR13]\],\[[@CR14]\]. However, as adult vector abundance is positively associated with the availability of aquatic habitats \[[@CR15]\],\[[@CR16]\], results on land cover changes on aquatic stages are usually extrapolated to estimate adult vector densities.

In the present study, we examined the influence of different landscape classes on malaria vector abundance and infection rates in a Sahelian area of Senegal characterised naturally by a low level of malaria transmission, high inter-annual variability of climate changes \[[@CR17]\] and high morbidity rates during seasons with heavy rainfall \[[@CR18]\]. This information is important for the understanding of environmental determinants of malaria transmission heterogeneity at a micro-geographical level to assess vector pressure, risk management and implementation of control strategies.

Methods {#Sec2}
=======

Description of the study area {#Sec3}
-----------------------------

The current study was conducted in 14 villages situated around the village of Barkedji (14°52′04 W-15°16′42 N) in the Sylvo-pastoral area of Senegal (Figure [1](#Fig1){ref-type="fig"}) from July to November 2009. The climate is typically Sahelian and is characterized by a semi-arid climate with a summer monsoon (the rainy season) that lasts from July to mid-October. The mean annual temperature is 28.8°C with the lowest value (24.4°C) recorded in January and the highest (35.5°C) in May. The study area is characterized by a complex and dense network of ponds located within the fossil Ferlo riverbed that are filled with water during the rainy season but which dry out during the rest of the year (Figure [1](#Fig1){ref-type="fig"}). It is characterized by the predominance of sandy-loam soils on which grows a grass cover dominated by shrubs represented mostly by thorny bushes. The population of this area is estimated at 14,200 inhabitants comprising of Fulani (85%), Wolof (12%), Moors and Serer (3%). Human activities are dominated by livestock rearing (mainly cattle, sheep, goats) and agriculture (mainly millet).Figure 1**Localisation of the study sites.** Numbers indicate the sites ID presented in Table [1](#Tab1){ref-type="table"}. Data points are projected in the UTM zone 28 N. Weather stations were installed in Barkedji (ID:1), Keur Alpha (2), Keur Aliou (6) and Keur Diallo (10).

No specific permission was required for work in each of the selected villages. After explaining the purpose of this study, verbal consent was obtained from the village chief as well as from heads of households. Vector control measures used in the study area include personal protections and use of long-lasting insecticidal nets (LLINs) at community level.

Weather and environmental data collection {#Sec4}
-----------------------------------------

Climatic data were collected using weather stations (Campbell scientific BW200) installed near the villages of Barkedji, Keur Alpha, Keur Aliou and Keur Diallo (Figure [1](#Fig1){ref-type="fig"}).

The landscape class was chosen as environmental parameter. Landscape classes were defined using remote sensing and geospatial analyses from a SPOT 5 satellite image based on the description of the vegetation classes according to the combination of the FAO and CSA systems \[[@CR19]\],\[[@CR20]\]. All 14 sampling sites were geo-referenced with a hand-held GPS receiver and each of them was classified to the corresponding landscape class. Four landscape classes were identified in the study area. Table [1](#Tab1){ref-type="table"} and Figure [1](#Fig1){ref-type="fig"} present each of the 14 villages and the corresponding landscape type.Table 1**Main characteristics of studied villages**Sites IDVillagesLongitudesLatitudesLandscape classes1Barkedji15°17′0″N14°53′0″WWooded savanna2Keur Alpha15°14′42″N14°47′57″WShrubby savanna3Dague Nabe15°17′04″N14°52′96″WWooded savanna4Diabal15°18′53″N14°56′05″WWooded savanna5Keur Dadal15°16′23″N14°51′6″WBare soils6Keur Aliou15°15′86″N14°50′30″WBare soils7Keur Gallo15°16′25″N14°51′01″WBare soils8Keur Bandji15°19′34″N14°52′20″WSteppe9Keur Bathiel15°17′32″N14°52′43″WWooded savanna10Keur Diallo15°19′10″N14°50′24″WSteppe11Niakha15°17′28″N15°54′18″WWooded savanna12Niakha Ndiaybe15°15′56″N14°50′18″WWooded savanna13Keur Daha15°17′31″N14°52′17″WSteppe14Wouro Thilli15°17′31″N14°51′36″WShrubby savanna

Mosquitoes sampling and processing {#Sec5}
----------------------------------

Daytime indoor resting mosquitoes were collected monthly within the same selected houses from all 14 villages by pyrethrum spray catches (PSC). Upon collection, *Anopheles* females were sorted and identified to species using the morphological key of Gillies and De Meillon \[[@CR21]\]. For the known malaria vectors already described in the study area, the physiological status was recorded, then all mosquitoes were stored individually in labelled vials containing silica gel for subsequent analyses. In the laboratory, the mosquitoes from the *Anopheles gambiae* complex were identified using the molecular method of Fanello et al. \[[@CR22]\]. The heads and thoraces of all anopheline females were tested by ELISA for the detection of *Plasmodium falciparum* circumsporozoite protein (CSP) using the procedure of Wirtz et al. \[[@CR23]\].

Data analysis {#Sec6}
-------------

To study the association between landscape classes and entomological parameters (densities, infection rates), each of the 14 villages was classified to the corresponding landscape class. For analysis of the distribution between landscape classes', monthly anopheline females' densities were calculated as the number of specimens per room (SPR) and log transformed to normalize the distribution. The Shapiro-Wilk test was used to test the normality of the data and Levene's test for equality of variances. Subsequently, the differences between landscape classes, mean densities and collection months were analysed using analysis of variance (ANOVA) followed by Tukey-Kramer post-hoc tests. The circum-sporozoite protein infection rates (CSP-IR) was calculated as the proportion of females found to contain the CS protein. To study the associations between the temporal distribution of the vector densities and rainfall, mean relative humidity and temperature, the data from four villages representative of the 4 landcape classes were pooled and the associations evaluated by the Pearson correlation. All these analyses were performed using the R software (version 2.14.1).

Results {#Sec7}
=======

Mosquito collection {#Sec8}
-------------------

A total of 7652 *Anopheles* specimens belonging to 6 species were collected by PSC from the four landscape classes (Table [2](#Tab2){ref-type="table"}). *An. gambiae* s.l. was the predominant species in all landscape classes. *An. rufipes* was also collected in all landscape classes but was more frequent in villages located in wooded and shrubby savanna. *An. funestus*, *An. pharoensis* and *An. domicola* were collected only in wooded savanna villages whereas *An. welcomei* was scarce and observed in bare soils villages.Table 2**Number and abundance (%) of anopheline species collected in each of the four landscape classes**Landscape classes/***An. funestus**An. gambiae**An. pharoensis**An. rufipes**An. welcomei**An. domicola***villagesN%N%N%N%N%N%Wooded savanna Barkedji40.10367090.8250.123628.9600.0000.00 Dague Nabe10.2440495.2800.00184.2500.0010.24 Diabal10.1368191.5300.00628.3300.0000.00 Keur Bathiel00.004285.7100.00714.2900.0000.00 Niakha10.1271782.9910.1214516.7800.0000.00 Niakha Ndiaybe10.1460283.1500.0012116.7100.0000.00Shrubby savanna Keur Alpha00.0013996.5300.0053.4700.0000.00 Wouro Thilli00.002890.3200.0039.6800.0000.00Bare soils Keur Dadal00.0023194.6700.00135.3300.0000.00 Keur Aliou00.005593.2200.0046.7800.0000.00 Keur Gallo00.008593.4100.0055.4911.1000.00Steppe Keur Bandji00.0014298.6100.0021.3900.0000.00 Keur Daha00.004697.8700.0012.1300.0000.00 Keur Diallo00.004495.6500.0024.3500.0000.00Total80.10688689.9960.087509.8010.0110.01N = number, % = percentage.

Distribution pattern of *An. gambiae*complex within the study area {#Sec9}
------------------------------------------------------------------

Overall, 863 specimens belonging to the *An. gambiae* complex were molecularly identified. Only *An. arabiensis* and *An. coluzzii* were present in the study area; *An. arabiensis* was the most predominant species with 81.8% (706/863) in the collection. No statistically significant difference was observed in the proportions of *An. arabiensis* in the different landscape classes (*χ*^2^ = 4.45, df = 3, p = 0.22). The relative proportions of the two species fluctuated based on the landscape class and month of collection.

*An. arabiensis* was the most abundant species in wooded and shrubby savanna villages at any time point during the months of collections and moreover, it was the only species collected at the end of the rainy season in November (Table [3](#Tab3){ref-type="table"} and Additional file [1](#MOESM1){ref-type="media"}). *An. coluzzii* on the other hand was absent or had very low proportions at the beginning of the rainy season in July (see Additional file [2](#MOESM2){ref-type="media"}). Its abundances increased gradually reaching maximum levels in August or September before it started to decline steadily. In shrubby savanna villages *An. coluzzii* was collected only in August and September with the respective frequencies of 42.9% and 11.1% (Table [3](#Tab3){ref-type="table"} and Additional file [2](#MOESM2){ref-type="media"}).Table 3**Monthly variations of** ***An. arabiensis*** **mean proportions (±se) in each of the four landscape classes**Landscape classesStudy periodJulyAugustSeptemberOctoberNovemberWooded savanna89.9 ± 3.4^b^59 ± 12.1^a^88.8 ± 5.1^b^98 ± 2^b^100^b^Shrubby savanna100^c^57.1^a^88.7 ± 1.3^b^100^c^100^c^Bare soils-72.7 ± 13.8^a^92.5 ± 3.8^a^93.3 ± 6.7^a^90 ± 10^a^Steppe75 ± 25^a,b^65.3 ± 1.4^a,b^53.3 ± 13.3^a^66.7 ± 33.3^a^100^b^For the different landscape classes, means with different letters are significantly different (p \< 0.05).Comparisons were made between months for each of the four landscape classes. Standard errors not presented are null.

In bare soils and steppe landscapes, the two species were collected almost throughout the whole collection period (4 out of the 5 months collection period). The lowest frequencies of *An. arabiensis* were observed in August and September respectively (Table [3](#Tab3){ref-type="table"} and Additional file [2](#MOESM2){ref-type="media"}).

Monthly densities of *Anopheles gambiae*mosquitoes {#Sec10}
--------------------------------------------------

Overall, 2695 rooms were sprayed during the surveys carried out resulting in the collection of 6886 *An. gambiae* mosquitoes. Overall, the mean number of specimens per room (SPR) was estimated to be 3.5. The means for the villages situated in the different landscapes (wooded savanna, shrubby savanna, bare soils and steppe) were 3 ± 0.45, 3.79 ± 2.32, 3.87 ± 0.84, 3.94 ± 1.25 respectively. These means were statistically comparable (F = 0.26, p = 0.85). However, statistically significant differences were observed between the monthly means in wooded savanna and bare soils villages (Figure [2](#Fig2){ref-type="fig"}). Overall, the mean densities were low at the beginning of the surveys in July (beginning of rainy season) with a maximum of 1 SPR in all landscape classes. They increased steadily thereafter reaching a peak in September for shrubby savanna villages, bare soils and steppe whilst for wooded savanna villages the peak was observed in October (Figure [2](#Fig2){ref-type="fig"}).Figure 2**Temporal variations of the mean densities of** ***An. arabiensis*** **in each of the four landscape classes.** For the different landscape classes, means with different letters are significantly different (p \< 0.05). \*no mosquito collected.Figure 3**Variations of** ***An. arabiensis*** **densities in relation to rainfall, temperature and humidity in each of four villages representative of the four landscape classes.**

Influence of climate parameters on *Anopheles*densities {#Sec11}
-------------------------------------------------------

This influence was studied in 4 sites representing each of the four landscape classes: Barkedji (wooded savanna), Keur Alpha (shrubby savanna), Keur Aliou (Bare soils) and Keur Diallo (Steppe). In each of these sites, the mean temperature and mean relative humidity showed similar variations whereas the rainfall was heterogeneous in terms of patterns, frequency and quantity. Rainfall peaked in September in Barkedji village and in the three other villages it peaked in August (Figure [3](#Fig3){ref-type="fig"}). The highest number of SPR was observed soon after the rainfall peaked either in October and September in Barkedji or September and August for the three other villages. A positive but not significant correlation was observed with rainfall (Pearson r = 0.09, p = 0.71) and humidity (Pearson r = 0.25, p = 0.29) while a negative non-significant correlation was observed for temperature (Pearson r = −0.09, p = 0.68) (see Additional file [3](#MOESM3){ref-type="media"}).

Circumsporozoite infection rates {#Sec12}
--------------------------------

The head and thoraces of 3768 *An. gambiae* s.l. females were tested by ELISA for *Plasmodium falciparum* CS antigen detection (Table [4](#Tab4){ref-type="table"}). No specimen collected from villages situated in shrubby savanna and steppe were CS positive. Overall 11 positive females were detected, 10 in villages situated in wooded savanna (6 collected in Barkedji in August, 2 in Niakha in September and 2 in Niakha Ndiaybe in September) and 1 in a village within bare soils (Keur Aliou in August). The mean infection rates were 0.34% in wooded savanna and 0.37% in bare soils, respectively. No statistically significant difference was observed between the four landscape classes (*χ*^2^ = 0.84, df = 3, p = 0.84). A similar result was observed between wooded savanna villages (*χ*^2^ = 2.49, df = 5, p = 0.78) whereas the infection rates were significantly different between bare soils villages (*χ*^2^ = 13.94, df = 2, p \< 0.001).Table 4***An. arabiensis*** **mean infection rates calculated by enzyme-linked immunosorbent assay for** ***P. falciparum*** **in the different villages/lansdcape classes**VillagesNegativePositiveTotalCSP-IR (%)95% CIWooded savanna Barkedji1705617110.350.16-0.76 Dague Nabe22702270- Diabal30103010- Keur Bathiel290290- Niakha60626080.330.09-1.19 Niakha Ndiaybe36723690.540.15-1.95Shrubby savanna Keur Alpha11001100- Wouro Thilli180180-Bare soils Keur Dadal19501950- Keur Aliou171185.550.28-25.76 Keur Gallo550550-Steppe Keur Bandji800800- Keur Daha170170- Keur Diallo300300- Total37571137680.290.16-0.52CSP-IR = Circumsporozoite protein infection rate, CI = confidence interval based on a binomial distribution.

Discussion {#Sec13}
==========

All the anopheline species collected during this study were already described in the area \[[@CR24]\]. However, the list is not exhaustive since other known species in the area were not collected even though the study was conducted longitudinally. This is due primarily to the collection method used that may have targeted endophilic species closely associated with human environments.

*An. arabiensis* was the most common species during this study. *An. pharoensis* and *An. funestus,* also vectors of malaria in Senegal were present but at very low proportions. *An. pharoensis* was previously described in the area \[[@CR25]\] whereas *An. funestus* was never observed during previous malaria vector studies conducted in the area \[[@CR17]\],\[[@CR26]\]. The presence of *An. funestus* therefore confirms the comeback of this species in the Senegal River basin which was described in a recent study \[[@CR27]\]. This species was first described in the Senegal River basin in the 1970s, but thereafter it disappeared following recurrent droughts only to appear again in 1999 in the low valley of the Senegal River \[[@CR28]\]. Its presence in the current study area extends the re-colonization zone to the Ferlo area. This is perhaps due to the restoration and presence of its breeding sites that consist of natural/artificial permanent and semi-permanent water bodies with floating or emerging vegetation. This study area has characteristic favourable breeding sites of this nature constituting temporary pools covered with vegetation emerging from the middle to the end of the rainy season \[[@CR29]\].

The presence of *An. funestus* was limited to wooded savanna villages only and at low proportions (0.01%). Therefore, its involvement in malaria transmission is presumed to be low. Like *An. arabiensis*, *An. rufipes* was also observed in all landscape types. Due to the relatively high proportions observed for *An. rufipes*, the determination of the role of this species in malaria transmission needs further investigation to incriminate it, as a recent study conducted in Burkina Faso has demonstrated its involvement in the transmission of human *Plasmodium* \[[@CR30]\].

The variations observed in the proportions of the species of the *An. gambiae* complex in the four different landscape classes, could express different adaptive characteristics of these species. *An. arabiensis* was found to be the prevalent species in the whole study area. This observation is in agreement with the distribution of this species, which is located in dry to humid savannah areas \[[@CR31]\]. Moreover, it is noteworthy that the highest proportions of this species were observed during the less humid months namely in July and November.

Despite the comparable mean densities observed in the four landscape classes, significant variations were observed when considering the collection months in villages located in wooded savanna and bare soils. Malaria transmission could be higher in these villages during September and October because the highest densities and infected mosquitoes with *P. falciparum* were observed in this period. Additional evidence comes from a recent study conducted in the study area on the spatio-temporal analysis of feeding behaviour \[[@CR32]\], which showed that it was mainly during the rainy season that the blood meals taken from human were widespread and homogenously distributed in the study area. The anthropophilic rates were higher in September in villages situated in wooded savanna whereas in bare soils villages, the differences were less marked but the blood meals taken from humans were more uniformly distributed in September. The results of Lemasson et al. \[[@CR17]\] is also an evidence to indicate maximal transmission during this period, as they showed that during two successive years, malaria transmission peaks were observed either in October or at the end of September. In shrubby savanna and steppe villages, the absence of infection as well as the seasonal homogeneous variations in densities could lead to a lower transmission in these villages in comparison to wooded savanna and bare soils villages. However, due to the relatively low number of villages involved (small sample size), these results should be confirmed by more intensive and longitudinal studies.

The study of the influence of climatic parameters on densities showed a non-significant positive correlation of rainfall regardless of the landscape class type. This observation is consistent with that of Bi et al. \[[@CR33]\]. Indeed, *An. arabiensis* aquatic stages prefer to breed in small, shallow, temporary rain pools or stagnant bodies of water fully exposed to the sun \[[@CR34]\]. In our study area, these types of breeding sites are predominant and rainfall-dependent as also observed elsewhere \[[@CR35]\],\[[@CR36]\]. A positive but not significant correlation was also observed for humidity while a negative non-significant correlation was observed for temperature. These observations could be due to the relative uniformity of humidity and temperature in the 4 landscape classes. This is further sustained by the fact that, if we consider that water temperature influences the development of aquatic stages of *Anopheles* species \[[@CR37]\], the uniformity of the temperature contributes to similar influences in the different landscape classes.

Conclusions {#Sec14}
===========

Thus, as environmental conditions are closely related to meteorological data, additional studies with a close follow-up of climatic parameters are needed to ascertain their relationship with entomological parameters. This is reinforced by the fact that climatic parameters can dramatically shift change in mosquito abundance, longevity and infection \[[@CR38]\]. From the public health point of view, such information could be useful for human population settlements as well as for monitoring and modelling purposes generating early warning system for implementing interventions.

Additional files {#Sec15}
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Additional file 1: **Variations of the proportions of** ***An. arabiensis*** **between villages belonging to the same landscape class.** For the different villages belonging to the same landscape class, means with different letters are significantly different (p \< 0.05). (PDF 53 KB)
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Additional file 2: **Monthly variations of** ***An. arabiensis*** **and** ***An. coluzzii*** **mean proportions in each of the four landscape classes.** (PDF 91 KB)

###### 

Additional file 3: **Correlation between** ***An. arabiensis*** **densities and climatic parameters.** (PDF 106 KB)
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